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Strains were grown in BHIS broth to an OD 600 of 0.5 and 250 µl of cultures were applied 171 as a lawn to 70:30 plates at different pHs, as indicated. After 24 h of incubation, cells 172 were scraped from the plates, suspended in SDS-PAGE loading buffer, and processed 173 as previously described (33, 34) . Total protein was quantified using the Pierce Micro 174 BCA Protein Assay Kit (Thermo Scientific). 8 µg of total protein was separated by 175 electrophoresis on a precast 4-15% TGX gradient gel (Bio-Rad) and transferred to a 176 0.45 µm nitrocellulose membrane. Western blot analysis was conducted using a mouse 
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To assess the impact of the environmental pH on C. difficile, we examined the 189 genetically distinct strains 630Δerm and R20291 in 70:30 sporulation broth in a range of 190 pH that is physiologically relevant to the large intestine. Cultures were monitored for 191 effects on growth, change in pH overtime, and sporulation in medium at pH 6.2, 7.2, and 192 8.0, respectively (Fig. 1) . For both strains, significant decreases in growth were 193 observed during mid-logarithmic growth at the acidic pH 6.2 and at the alkaline pH 8.0, 194 relative to pH 7.2 ( Fig. 1A, B ). Analyzing the change in pH of the cultures, the largest 195 drop in pH could be seen for pH 8.0 and pH 7.2 cultures, which decreased from pH 8.0 196 to 7.4, and from pH 7.2 to 6.5, within 8 hours for both strains. For pH 6.2 cultures, similar 197 decreases were observed for both strains during growth, with decreases from pH 6.2 to 198 5.8 within 6 hours, respectively ( Fig. 1A, B ). In addition, in the pH 7.2 and 6.2 cultures, 199 the pH increased after ~6 hours, around the transition to stationary phase growth.
200
Analysis of the spore formation under the different pH conditions uncovered 201 strain-dependent differences in sporulation efficiency (Fig. 1C) . The 630Δerm strain 202 produced more spores in sporulation broth than the R20291 strain under every pH 203 condition tested. Additionally, 630Δerm demonstrated dramatic increases in sporulation 204 frequency as the pH increased (pH 8.0, ~17% vs ~4% at pH 7.2 and less than 1% at pH 205 6.2) (Fig. 1C) . In comparison, R20291 demonstrated relatively low sporulation under all pH conditions (Fig. 1C) . Both strains exhibited very low spore formation at pH 6.2, 207 suggesting that acidic conditions do not support sporulation in C. difficile (~0.7% for 208 630Δerm and ~0.1% for R20291).
209
Based on the correlation observed between spore formation and higher pH, we 210 further assessed growth and sporulation under more alkaline pHs (pH 8.0 to 8.9).
211
Despite similar impacted growth of strains under high alkaline pH conditions ( Fig. S1A, 
212
B), R20291 sporulated at less than 1% efficiency, with very few spores formed above pH 213 8.2 (Fig. 1C) . In comparison, 630Δerm maintained robust spore formation up to pH 8.7 214 and only reduced sporulation at a pH of 8.9 to ~2% (Fig. 1C) .
215
To investigate if the initial pH of the medium or bacterial-dependent changes in 216 pH impact sporulation, we limited the change in pH by buffering the culture medium.
217
Buffers appropriate for the respective pH conditions were utilized and sporulation 218 assessed as described in Material and Methods (0.1 M MES at a pH of 6.2, or 0.1 M 219 HEPES at pH 7.2 and pH 8.0). As expected, buffering the medium limited the pH shift of 220 cultures over time; however, it did not alter the growth or sporulation of either strain (Fig. 
221
S2). These data suggest that although growth of the strains appears similar in different 222 pH conditions, the effects of pH on sporulation are considerably greater for the 630Δerm 223 strain than for R20291.
224
Because of the observed pH effects on C. difficile growth and sporulation in liquid 225 cultures, we asked how pH impacts sporulation on solid medium, which is known to 226 support more robust spore formation (32, (34) (35) (36) . To test this, sporulation agar plates 227 were prepared with a range of pH (pH 5.2 to 9.0), and the spore formation for 630Δerm 228 and R20291 was determined. Both strains produced considerably more spores on solid 229 medium than were observed in liquid ( Fig. 1, Fig. 2) . Consistent with results from broth 230 cultures, the strains showed differences in spore production under different pH 231 conditions. At a low pH of 5.2, both strains were inhibited for growth ( Fig. 2) . Growth of both strains was observed at a pH of 5.5; however, this low pH resulted in a relatively 233 low sporulation efficiency of 8-9% for both strains, compared to the 31-34% sporulation 234 observed under neutral pH (pH 7.0, Fig. 2) . The strain 630Δerm exhibited increased 235 sporulation with increases in pH, reaching a maximal sporulation efficiency at pH 8.0 of 236 ~38% (Fig. 2) . In comparison, R20291 demonstrated maximal sporulation efficiency at a 237 pH of 6.0 and exhibited a broader pH range for robust spore formation (pH 6.0 to pH 8.5, 
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Overall, the data suggest that in liquid or solid medium, 630Δerm sporulated best in 240 more alkaline pH, whereas R20291 sporulated robustly across a broad range of pH 241 conditions.
242
To assess the effects of pH on vegetative cell and spore morphology, phase-243 contrast microscopy was performed for strains grown in different pH conditions ( Fig. 3) .
244
Both strains exhibited slightly elongated vegetative cells and the lowest phase-bright 245 spore formation under low pH conditions. Additionally, R20291 formed small, round, 246 phase-dark spores and exhibited more pronounced lysis of cells at pH 6.2 in liquid, 247 compared to the other pH conditions. These results suggest that R20291 cells initiate 248 sporulation at pH 6.2 in liquid, but form few mature, ethanol-resistant spores under these 249 conditions. However, R20291 does not produce these small, immature spores on solid 250 media at low pH, suggesting that the viscosity of the medium plays a role in spore 251 formation. 630Δerm produced the most abundant phase-bright spores at pH 8.0 for both 252 liquid and solid media, consistent with the results of ethanol-resistance spore assays 253 ( Fig. 1, Fig. 2 ).
255
Rapid changes in pH impact growth and sporulation for both strains and are 256 dependent on the medium viscosity As the pH varies greatly throughout large intestine, C. difficile is exposed to 258 abrupt shifts in pH during transit through the colon. Considering this, we investigated the 259 impact of rapid changes on growth and spore formation. C. difficile was cultivated at a 260 moderate pH in broth or on agar medium (Fig. 4) , and exponentially growing cells were 261 exposed to rapid increases or rapid decreases in pH. For the pH shift experiment in 262 liquid medium, 630Δerm and R20291 cultures were grown to an OD 600 of 0.5 (pH ~6.8),
263
then the pH of the culture was shifted by the addition of HCl to decrease the pH 0.5, 1.0, 264 and 1.5 units, or by the addition of NaOH to increase the pH 0.5, 1.0, and 1.5 units, 265 respectively ( Fig. S3 ). Growth of both strains was minimally impacted by pH shifts of +/-266 0.5 units ( Fig. S3) . A moderate reduction in growth was observed for both strains when 267 the pH increased 1.0 or 1.5 units. In comparison, a decrease of 1.0 pH unit drastically 268 impacted growth of both strains, and a 1.5 unit decrease resulted in extinction of the 269 growth ( Fig. S3) . After a decrease of 1.0 pH unit, growth was inhibited for the next three 270 hours and the culture densities were significantly lower than the unadjusted culture ( 
276
To test if rapid changes in pH can impact sporulation during growth on solid 277 surfaces, C. difficile strains were similarly cultivated on 70:30 plates at a pH of 6.8 for six 278 hours, then transferred to a second pH 6.8 plate, as an internal control, or to 70:30 279 plates with 0.5, 1.0, and 1.5 unit increases or decreases in pH, respectively (Fig. 4B) . In 280 contrast to growth in liquid medium, sporulation of both strains was marginally impacted 281 when the pH was increased by 0.5, 1.0, or 1.5 units. Conversely, decreases of 1.0 or 282 more pH units impacted sporulation of either strain, with the greatest decrease in spores observed for the 630Δerm strain. The data demonstrate that the higher viscosity of solid 284 medium enhances C. difficile adaptation to abrupt pH shifts. Overall, C. difficile strains 285 adapted better to increases in pH than to decreases in pH, regardless of the viscosity of 286 the medium, as evidenced by growth and sporulation under all increased pH conditions.
287
In comparison, decreases in pH drastically impaired C. difficile growth and spore 288 formation (Fig. 4A, B) . Both strains were able to decrease the pH of the culture when 289 the pH was increased, lowering the pH to a more neutral value (Fig. S3C, D) . In 290 contrast, when the pH was rapidly decreased, neither strain could effectively increase 291 the pH over time, resulting in prolonged and deleterious exposure of the cells to acidic 292 conditions.
294
Toxin formation is impacted by pH in a strain-dependent manner
295
Since sporulation and toxin expression are co-regulated in C. difficile (33, 34, 36- 296 39), we considered that the pH during growth may also influence toxin production. Thus,
297
we assessed the production of toxin A from strains grown on 70:30 plates in a range of 298 pH conditions (pH 5.5 to 8.5) by western blot (Fig. 5) . Under acidic conditions, the 299 630Δerm strain exhibited reduced toxin, relative to production at pH 7.0. In contrast, the 300 R20291 strain demonstrated increased toxin A formation under acidic conditions (Fig. 301 5). Toxin production for 630Δerm was greatest at pH 6.5 and 7.0, while R20291 302 produced the most toxin at a pH range of 5.5 to 7.0. Both strains exhibited lower toxin 303 production under alkaline conditions, which is in contrast to spore production in the same 304 conditions (Fig. 4B, Fig. 5 ). These data suggest that sporulation and toxin expression 305 are differentially controlled under alkaline conditions. 306 307
C. difficile motility is affected by pH
Because toxin expression and motility are both regulated by SigD, the flagellar 309 alternative sigma factor (40-42), we next investigated the impact of pH on C. difficile 310 motility. To test this, we analyzed the motility of C. difficile on soft agar plates at a range 311 of pH conditions between 6.2 and 8.2. Swimming motility was measured every 24 hours 312 for five days, and the non-motile sigD mutant strain (RT1075) was used as a negative 313 control (Fig. 6) . Both strains demonstrated the least motility at low pH (6.2) and the 314 greatest motility at pH 7.7-8.2 (Fig. 6A, B) . However, strain-dependent differences in the 315 distance travelled were observed, with 630Δerm exhibiting greater motility than R20291 316 at pH 6.2 and 6.7, and R20291 surpassing 630Δerm at pH 7.2, 7.7, and 8.2. The poor 317 motility for the R20291 strain at low pH contrasts with the higher toxin production 318 observed at low pH for this strain, suggesting that in R20291, factors other than SigD 319 activity restrict motility under acidic conditions. These data demonstrate that pH is an 320 important environmental factor that influences C. difficile motility, and that the bacteria 321 are generally more motile in alkaline conditions and less motile at lower pH. 322 323 324 DISCUSSION 325 C. difficile is exposed to diverse and changing pH conditions during transit 326 through the gastrointestinal tract. Prior studies showed that the environmental pH 327 impacts spore germination, resulting in inhibition of germination under acidic conditions 328 that is reversed upon exposure to neutral pH (1, 30, 43, 44) , which highlights a limiting 329 factor for the germination of spores within the small bowel in the presence of bile acids.
330
In this study, we further assessed the impact of diverse pH conditions on C. difficile 331 growth, sporulation, toxin formation, and motility.
332
As strain-dependent phenotypic differences are often described in C. difficile (34, 333 36, 37, 42, 45-47) , we investigated the C. difficile pH response using the historical isolate 630∆erm, which is commonly studied in laboratories, and the epidemic-335 associated strain R20291. We found that during growth in liquid culture, no strain-336 dependent differences were observed under different pH conditions (Fig. 1A) . However, 337 spore formation differed between the strains grown in broth culture, as evidenced by a 338 dramatic increase in spore production for strain 630∆erm in alkaline conditions (Fig. 1B,   339 C), and only modest sporulation for R20291 at any pH. Thus, despite the greater culture 340 density achieved by R20291 in liquid medium (Fig. 1) , sporulation in this strain is 341 hindered in broth culture. Differences in pH-dependent sporulation were also seen on 342 solid sporulation medium, as 630∆erm showed maximal sporulation from pH 7.0 to 8.5, 343 while R20291 sporulated best at a range of pH from 6.0 -8.5.
344
Under acidic conditions in liquid and on solid medium, both strains produced 345 significantly fewer mature spores. Decreases in spore formation in acidic conditions has 346 also been described for Bacillus spp., including B. weihenstephanensis at pH 5.6,
347
B. licheniformis at pH 6.3, and B. cereus at pH 5.9-6.1 (48-52). The clostridia appear 348 more varied in their sporulation efficiency response to pH. In C. perfringens, spores are 349 produced within a narrow pH range of 5.9 to 6.6 (53). In contrast, C. cellulolyticum 350 reached highest sporulation efficiency at the lowest tested pH of 6.4 (54). In accordance 351 with previous studies, no growth of C. difficile was observed below a pH of 5.5 (55-58).
352
Comparative genomic analysis of C. difficile versus C. sordellii revealed the absence of 353 several acid adaptation and broad range pH survival mechanism in C. difficile, such as 354 ureases, glutamate decarboxylase, arginine deaminase or potassium transport proteins 355 (59), which may explain the inability of C. difficile to grow under more acidic conditions.
356
Usually C. difficile infects the colon, but cases of C. difficile enteritis involving the 357 small bowel have been described (60, 61) (62, 63). From the proximal small bowel to the 358 ascending colon the pH drops dramatically from 7.88 to 5.26, due to fermentation from 359 colonic bacteria and the production of short-chain fatty acids (64-66). Between the ascending colon and the descending colon the pH gradually increases as a result of 361 mucosal bicarbonate secretion, colonic ion channel activity and Na + /H + exchange (23, 362 67, 68). To understand how these pH fluctuations impact C. difficile, we investigated the 363 vegetative cell responses to rapid changes in pH. We found that rapid pH changes 364 similarly impacted the growth and spore formation of both strains (Fig. S3, Fig. 4) . In 365 general, both strains adapted better to rapid increases in pH than to pH decreases, 
370
which indicates a severe stress for C. difficile. However, the authors did not test if 371 C. difficile could survive the acid or alkaline shock treatments (69). In this study, we 372 found that C. difficile will adapt and sporulate on agar medium after an alkaline shock of 373 1.5 units, but cannot survive an acid shock of 1.5 units in broth cultures. Although both 374 strains survived a 1.5 unit acid shock on solid medium, it resulted in drastic reduction in 375 spore formation (Fig. 4) .
376
Differences in phenotypes for cells grown on solid and liquid medium have been 377 observed for B. cereus, with plate-grown cells displaying increased gamma radiation 378 resistance and a more developed S-layer compared to cells grown in liquid (70). Other 379 studies of C. difficile found substantial differences in gene expression profiles between 380 biofilms grown in broth and grown on plates (71), as well as differences in the 381 expression of phase variation genes and the orientation of invertible elements (42, 72).
382
We anticipate that differences in gene expression for liquid and solid medium affected 383 the survival and adaptation of C. difficile after an acid shock; however, this was not 384 explored in this study.
Previous studies that examined the effect of pH on C. difficile toxin formation also 386 noted strain-dependent differences in toxin production. For the C. difficile VPI 10463 387 strain (ribotype 087), toxin formation after 24 h and 48 h was highest for cells grown at 388 pH 6.5-7.5, and reduced at pH 5. 5 and 8.5, respectively (56) . In our study, we analyzed 389 the toxin formation after 24 h of growth on 70:30 sporulation agar across a range of pH, 390 and found strain-dependent differences in toxin formation at different pH. Like the VPI 391 10463 strain, strain 630∆erm produced the most toxin at a pH of 6.5, and significantly 392 reduced toxin production at pH 5.5 and 8.5. R20291, in comparison, significantly 393 increased toxin formation at a pH of 5.5, and demonstrated the greatest toxin formation 394 at a pH range of 5.5-7.0. The increased toxin formation of R20291 (027 ribotype) at a 395 low pH 5.5 is in accordance with prior observed increase in the expression of toxin 396 genes in an clinical isolate of 027 grown at pH 5 (73).
397
Our data indicate that low pH conditions reduced motility and high pH increased 398 motility for C. difficile (Fig. 6) , similar to observations in B. subtilis (74). As described 
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In this study, we identified pH-dependent effects on strain growth, toxin 405 production, motility, and sporulation, all of which can be used to improve growth and 406 phenotypic testing in diverse C. difficile isolates. We discovered differences in the pH 407 adaptation of strains, and impacts of the medium viscosity on C. difficile. This ability of 408 R20291 to adapt to a broad range of pH conditions for sporulation and toxin production 409 (Fig. 2, Fig. 5) , may provide the strain with an advantage for host colonization and 410 pathogenesis. In strain 630∆erm, motility and toxin formation were similarly depressed in low pH conditions. This is in contrast to R20291, which demonstrated the greatest toxin 412 formation at low pH, but less motility under low pH conditions. Further studies are 413 necessary to understand how C. difficile strains regulate these individual processes in 414 response to pH changes within the host. motility on ½ BHI plates (0.3% agar) at pH 6. 2, 6.7, 7.2, 7.7, and pH 8.2, 471 respectively, by measuring the swimming motility every 24 h for 120 h. 472
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